Introduction
Composite transmission lines are one of the main developments in the increasingly popular field of electromagnetic metamaterials, artificial electromagnetic structures with both negative electric permittivity and magnetic permeability . These structures present a backward wave or left-handed (LH) propagation instead of the conventional right-handed one. The first experimental microwave structures that presented this behavior were the result of combining thin wires and split-ring resonators (Shelby et al, 2001) . Soon it was evident that narrow bandwidth operation and high losses were inherent to the resonant nature of this kind of metamaterials. In order to overcome the previous problems, some authors proposed the so-called metamaterial transmission lines or lefthanded transmission lines LH TL (Sanada et al, 2004) . The LH TL concept has been extended and generalized to the concept of composite right/left handed (CRLH) structures where mixed contributions of LH and RH cells occur in practice. More specifically, the CRLH transmission lines have become a very commonly used solution to obtain metamaterial properties with low losses and broader bandwidth. Then, below a certain frequency, a CRLH transmission line behaves as a left-handed transmission line while over higher frequencies it is basically a conventional right handed line. As a consequence of this combined behaviour, the phase response is not linear with respect to the frequency. From the circuit application point of view, the two main characteristics of the CRLH transmission lines consist on obtaining miniaturized and/or dual band circuits. Then, it can be mentioned that dual band hybrid couplers (Lin et al, 2004) , branch-line couplers (Keung & Cheng, 2004) , dual-performance rat-race couplers (Castro-Galan et al, 2009 ) and enhanced rat-race couplers (Okabe, Caloz & Itoh 2004) . The most critical aspect in the design of combiners, filters or diplexers with conventional CRLH transmission lines is the losses associated to them. For the case of diplexers, using of the so called dual composite right left handed (D-CRLH) cells may overcome some of the previously stated problems. The D-CRLH transmission lines are the dual part of the CRLH transmission lines and were first proposed in (Caloz, 2006) . Thus, this type of line presents a RH performance at low frequencies while LH at higher frequencies. From its equivalent circuit point of view, the D-CRLH section changes an equivalent bandpass of the CRLH section by a bandstop section. This is particularly useful in the design of diplexers. The design of a diplexer based on CRLH lines has shown drawbacks coming from the losses at the pass bands. A diplexer can be based either on allowing some frequency pass-bands or on rejecting the frequency stop-bands. The use of D-CRLH transmission lines can help to overcome the previous problems by working with the complementary rejection frequency bands. The design of microwave diplexers based on using of D-CRLH lines is presented in this chapter. In addition, in order to avoid losses, the use of dual frequency active filters is also proposed. This dual-frequency performance can be achieved by making use of conventional CRLH transmission lines. The inclusion of this type of lines as feedback sections in a first order recursive topology can be used to generate a filtering response with two arbitrary pass bands. Additionally, dual-band couplers are also required. These may be implemented by means of CRLH structures or by shunted stub branch line structures. This second structure produces a strong rejection level at the central stop band what improves the overall response of the dual frequency active filter. Theoretical analysis and design procedures are verified by means of manufacturing and measurement of a prototype. Then, passive diplexers based on D-CRLH lines and dual frequency active filters based on conventional CRLH transmission lines are presented in this chapter.
Dual Composite Right-Left Handed transmission line theory
The D-CRLH structure, shown in Fig. 1 , behaves as the complementary structure of the conventional CRLH cell. This unit cell has a series parallel LC tank circuit and a shunt series LC tank. The D-CRLH indeed exhibits its left-handed band at high frequencies and its righthanded band at low frequencies and is of stop-band nature. The equations running the performance of the D-CRLH balanced line are given in (1)-(3). If the resonance frequencies of the shunt LC tank and the series LC tank were w sh and w se a balanced condition could be achieved by satisfying (1)
Once the D-CRLH line is balanced, if a right and left cut-off frequencies are defined, then it can be written that
The characteristic impedance of the line is given by
Finally, the propagation constant is given by
The stop-band frequencies can be computed from the local impedance by placing two cutting-off frequencies, one in the left-handed part and other at the right-handed one. These cutting-off frequencies are given by the following equation
where the sign + is for the left handed high-pass cutoff and the sign -is for the right handed low-pass cutoff. It must be noted that ω CL > ω CR . Fig. 2 (taken from (González-Posadas et al, 2008) ) shows the performance of a dual-CRLH line, both in amplitude and phase with the band-stop at 970 MHz. It can be seen that the structure presents a rejection bandwidth instead of a passing one (as it would be for the conventional CRLH case). 
Passive diplexer design
In this section the principles for the diplexer design based on D-CRLH lines will be presented. A generalization for a multistage diplexer design will be also given. Finally, some experimental results will be shown to prove the validity of the proposed design strategy.
Design principles
The realization of diplexers with CRLH lines has not shown a great development till now. Different topologies to build CRLH diplexers have been used. In all these cases the CRLH transmission line was used to allow the desired frequency band and reject the non-desired one. In this way, all the problems associated with the sensitivity and losses of the CRLH transmission lines were present. Then, (Bonache et al, 2005 ) used split-ring-resonators for a classical diplexer topology; (Horii, Caloz & Itoh, 2005) proposed a vertical topology to achieve a very compact diplexer at a price of large losses and a frequency shift; finally, (Wong, Balmain & Eleftheriades, 2006) proposed an original and non-compact planar topology for diplexer design. The dual performance of the so called D-CRLH transmission lines allows a different design strategy for diplexers. The strategy is based on rejecting the non-desired frequency bands instead of allowing the desired ones. In this way, the diplexer design will be based on working with D-CRLH transmission lines tuned at the frequency that is not allowed. Thus, the band-stop performance of a D-CRLH line is used to design a diplexer. Then, for a diplexer separating the frequencies f 1 and f 2 (being f 1 < f 2 ), the first D-CRLH line, according to Fig. 3 , has a stop-band at f 1 and a pass band at f 2 ; however, the second D-CRLH line presents a stop-band at f 2 and a pass band at f 1 . From the left and right handed performance of the corresponding D-CRLH lines, it can be seen that the first D-CRLH line is left-handed at the higher passing frequency (f 2 ) while the second D-CRLH line is right-handed at the lower passing frequency (f 1 ), just the opposite as it would be for the conventional CRLH transmission line. In this way, any of these D-CRLH lines will be used in any of the branches of the proposed diplexer. ; ;
Secondly, define the right-handed cutting-off frequency of the D-CRLH section centred at ω 2 and the left-handed cutting-off frequency of the D-CRLH section centered at ω 1 . Then, for the D-CRLH that allows passing the low frequencies the phase must be positive, that is right-handed, and left-handed for the line that allows passing the high frequency
The values for the right and left cutting off frequencies are, then, given as
If the ratio between the higher and lower frequency is called R, a graphical representation between the value R and the factor k(N) can be obtained. This ratio is given in Fig. 4 .
Fig. 4. K factor as a function of the ratio R between the higher and lower frequency
Once the value of the k factor and of the frequency ratio R, has been determined, the values for each branch left-handed and right-handed capacitors can be found out as follows. Thus for the branch rejecting the lowest frequency and allowing the highest one (port 2 in Fig. 3) , the values for the components are given as
And for the branch rejecting the highest frequency and allowing the lowest one (port 3 in Fig. 3) , the values for the components are given as
Multistage diplexer
For the general case where the number of cells is N (larger than 1), the values of the components are given by the following expressions
A discussion on the number of sections and on the D-CRLH performance can be done now. In (Caloz, 2006 ) the D-CRLH performance was proven for a 10-cell transmission line structure. If the number of cells is reduced the left-handed performance still maintains as it has been shown in (Herraiz et al, 2007) . The only dependence on the number of cells to be implemented comes from the fact that the transient response between the low frequency right-handed region and the high-frequency left-handed one is more abrupt when the number of cells is larger. However, from the diplexer design point of view a trade-off between the desired losses and the rejection factor at the non desired frequency in the corresponding branch must be considered. In this way, for most single designs low orders (1 or 2) for the identical D-CRLH sections are enough to achieve the desired performance. Next section will show the design of a particular one-stage or multistage diplexer.
Experimental results
Since one of the most important features is its miniaturization, the presented design procedure will be applied to the low microwave frequency band, to separate frequencies working at TETRA-GSM bands (380 MHz and 960 MHz). As the working frequencies are far enough, initially a one stage design will be taken into account. The schematic of the proposed diplexer is shown in Fig. 5 . (AWR ®). For this diplexer, the value for the factor k(N) is 2.01. The conventional transmission lines allow joining the two branches and soldering the SMA connectors and, at the same time they are optimized to achieve the lowest return losses. The proposed circuit has been implemented on an Arlon600 substrate with a relative permittivity of 6, height of 0.6mm. For the case presented before it can be seen that the simulated losses in the desired bandwidths (around 0.2 dB at any frequency) and the rejection parameter at the non desired frequency (lower than 40 dB) are enough for a good performance of the diplexer. If the diplexer frequencies were closer or a steeper slope would be needed a larger number of sections would be required. Fig. 7 shows a comparison between the transmission parameters (s 31 and s 21 ) for a diplexer made with one D-CRLH cell (as in the previous case) and other diplexer made with four D-CRLH cells. It can be seen that the main difference is the slope of the rejection bandwidth. For the proposed example it can be seen that the number of sections can be done as low as possible, then the number of sections will be equal to 1. Finally, a prototype has been manufactured and measured. Fig. 8 shows a photo of the manufactured prototype. Fig. 9 shows the transmission and reflection measurement of the manufactured one-cell diplexer. The measurements show an excellent agreement with simulation. In addition, the insertion losses are lower than 0.4 dB at both frequency bands. The return losses are lower than -22 dB at each frequency band and at any diplexer port. Lastly the isolation between the two output ports is nearly 40 dB at both working frequencies. In addition, the compactness of the circuit is quite good and miniaturization has achieved for a diplexer circuit working in the UHF frequency bands. 
Principles of active filters based on metamaterial cells.
One way of reducing the filtering losses is by means of active filters. The most usual microwave active filters can be classified into four main groups: filters based on negative resistance elements (Chang et Itoh, 1990) , based on active inductors (Lucyszyn & Robertson, 1994) , transversal, and recursive filters (Rauscher, 1985) . In opposition to the first types, based on lumped elements, the two last ones are distributed filters, and therefore more adequate for high-frequency applications. The frequency selective response is generated by means of a combination of signal components that propagate along several electrical sections with different amplitudes and phase delays. The single difference between both schemes is that the transversal type only needs feed-forward branches, whereas the recursive one also includes feedback. This last approach is chosen as it is usually easier to design and produces more compact structures (the number of junction elements that occupy a large part of the total layout area, is in general smaller) (Rauscher, 1985) . Of course, potential instability issues related to the feedback must be addressed (Billonet, Jarry & Guillon, 1995) , but this is true for every microwave network that contains active elements, as they always show parasitic feedback. The filtering characteristic of a first order recursive filter is generated by combination of the main path signal component with a properly weighted and delayed sample of the output of the network, which constitutes the feedback. The key of this process is therefore the phase response of the feedback section that must have certain value at the center frequency of the pass band. Thus, it can be implemented by means of a transmission line section. The objective is to extend the operation of recursive active filters to dual pass band frequency responses. In order to produce a dual-band response, the phase condition should be fulfilled at two different, controllable frequencies, and for this reason conventional transmission lines are not suitable. In fact, the solution proposed makes use of composite right/left-handed (CRLH) transmission lines (García-Pérez et al, 2009).
Theoretical design
Theoretical concepts of microwave active recursive filters derive from low frequency and discrete-time filtering techniques. An example of a first-order digital filter and its equivalent microwave recursive filter is shown in Fig. 10 . In that figure x(t) and y(t) denote the timedependent input and output signals respectively, a 0 and b 1 are gain weights, and τ represents a time delay. The frequency transfer function is given as
The transfer function H(f) describes a periodic band-pass filter response. The center frequency of each band, f 0 , is characterized by the total phase response of the loop Φ loop being a multiple of 2π
where n denotes any integer number. Therefore, for those frequency values f 0 , the signal coming from the feedback branch is combined in phase with the input signal, resulting in maximum gain values. Although recursive filters of any order are possible, the most common cases are first-order topologies because of their simplicity. Of course, in order to fulfill stricter requirements of bandwidth or in-band ripple, higher order structures may be needed. However, the study presented here will be restricted to the simpler first order networks. The scheme presented in the left part of Fig. 10 can be transformed into a microwave filter circuit just by replacing all its parts with microwave components resulting in the right part of Fig. 10 . For example, the time delay τ is implemented by means of a transmission line section while the weight coefficient a 0 corresponds to an amplifier. Also, the signals have been combined at the input/output ports by using branch-line couplers as combiners/dividers. Their power ratios can be absorbed into the term b 1 . In this context, the band-pass center frequencies from (13) are the values f 0 for which the loop phase condition is satisfied,
where
and Ф C1 (f 0 ) denote the phase responses of the amplifier, the power divider, the transmission line section and the power combiner respectively, all of them obtained at the band-pass frequency f 0 , being n an integer number. Therefore, in the same way as the previous case, each operating frequency f 0 can be seen as the frequency at which the signal from the feedback transmission line is combined constructively (i.e.: with null relative phase shift) with the input power signal. This condition can be ensured by enforcing the loop phase to be multiple of 2π. If the combiners were implemented with 3 dB combiners or power dividers then, if the filter gain function |s 21,F (f 0 )| were represented in front of the amplifier gain |s 21,A (f 0 )|, two distinct operation zones could be observed (sub index F denotes filter while sub index A denotes amplifier). The first one corresponds to |s 21,A (f 0 )| under 6 dB, where |s 21,F (f 0 )| grows up with |s 21,A (f 0 )|; in the second one |s 21,A (f 0 )| is over 6 dB and |s 21,F (f 0 )| decreases with it. There exists a value of the amplifier gain below which the circuit is unconditionally stable. That is |s 11,F (f 0 )|<0 dB, at every frequency and for every combination of phases in the loop. This value corresponds to |s 21,A (f 0 )|=3.5 dB when using 3 dB branch line couplers, but may take other values if different power combiners are used. From this value up to |s 21,A (f 0 )|=6 dB the filter behaves as potentially unstable. For higher values (|s 21,A (f 0 )|>6 dB) the circuit has been analytically demonstrated to be unconditionally unstable (Billonet, Jarry & Guillon, 1995) and (García-Pérez et al, 2009 ).
Requirements for dual band operation
Some important conditions must be addressed in order to design dual-band recursive filters. Firstly, the phase equation (14) must be simultaneously satisfied at both filtering frequencies. Since the phase delays introduced by the amplifier (Ф A ) and the power combiners (Ф D1 , Ф C1 ) are fixed once those components are chosen, the only design variable is the phase delay of the feedback transmission line (Ф L ). For conventional single-band filters only one condition is imposed at the design frequency and, therefore, it can be fulfilled by choosing the correct length of transmission line. However, for dual-band responses two different conditions should be established and, in general, the linear phase delay exhibited by conventional transmission lines is not enough to simultaneously meet both of them. The inclusion of CRLH transmission lines as feedback lines is proposed, since their non-linear behavior provides more degrees of freedom. The second condition is that power combiners working simultaneously at both design frequencies are indispensable. They have a double purpose: obtain a good input/output match at the operating frequencies and isolate the input port with respect to the power coming from the feedback line avoiding stability problems, which are critical when working with feedback topologies. The phase response exhibited by the whole CRLH transmission line at frequency f can be expressed as
where Φ RH denotes the phase response of each transmission line section, N is the number of left handed T-cells, and L L and C L denotes the values of the lumped inductors and capacitors. Usually, the phase delay given by a power combiner takes a fixed value at its operating frequencies, so (14) can be reduced to an expression only dependent with the phases of the transmission line section (Φ L ) and the amplifier (Φ A ). Since the phase delay of a branch line coupler is Φ C1 =Φ D1 =π rad, the phase condition in (14) when using branch line couplers can be expressed as
where n can take any integer value, and f 1 and f 2 are the two desired band-pass frequencies. By substituting Φ L (f) with the phase of a CRLH transmission line from (16), a system of two simultaneous equations is established. Its solutions (lengths of transmission line sections, number and values of lumped elements) constitute the design parameters used for the prototypes in next section. Concerning the branch-line couplers two possible solutions could be available: dual frequency branch line couplers with CRLH lines (Lin et al, 2004) or dual frequency branch line couplers with parallel stubs fulfilling the branch line design equations (Cheng & Wong, 2004) . The CRLH line-based solution has an important drawback with respect to the stubloaded branch line. Apart from its complexity and the parasitic effects of the lumped elements, the CRLH line-based solution does not show transmission zeros at the intermediate band between the pass bands resulting in an overall spurious bands in the active filter (this will be shown in the next subsection of experimental results). For that reason this solution is discarded.
The second alternative shows a transmission zero located at the frequency halfway between the pass bands, for which the stubs behave as short circuits. As a result, rejection can be highly increased at the inner stop band. This is especially important if condition (14) is verified at the two pass bands for non-consecutive multiples of 2π, since spurious pass bands are also generated between them, in the stop band. The filtering characteristic of the branch line can be used to eliminate or at least mitigate these undesired transmission spikes. For that reason, this will be solution chosen.
Experimental results
In order to test the feasibility of the dual band recursive active filters described in the previous sections two prototypes have been designed and built: one with a CRLH branch line (that will be finally discarded) and other with parallel stubs branch line coupler.
Active filter with CRLH branch coupler
The first active filter has its pass bands centered at f 1 =0.9GHz and f 2 =1.6GHz, uses branch line couplers implemented with CRLH transmission lines as combiners. In order to reduce the total size of each combiner, a new modification has been introduced in their design that consists of placing two Schiffman lines sections at each horizontal branch of the hybrid, close to the left-handed sections. Each Schiffman section is a pair of coupled transmission lines which can be designed to be equivalent to a conventional transmission line, but needing less space. The result is a significant reduction of one of the two dimensions of each power combiner, and therefore of the whole circuit footprint. The active stage will be composed of the monolithic amplifier ERA-5+ of Mini-Circuits®. It is necessary to add an attenuator in series to maintain the gain under 6dB, in order to avoid instabilities. www.intechopen.com From Fig. 11 it can be seen that although the feedback CRLH line has been designed as electrically short as possible, the contributions in phase of the branch line coupler makes unavoidably the loop to be a section electrically long. This makes the phase condition to be fulfilled at undesired intermediate frequencies. The effect is the appearance of spurious pass bands as can be seen in Fig. 11 . These undesired spurs at intermediate frequencies, between both desired pass bands, at 1175MHz and 1370MHz, are caused by the feedback loop phase response, that takes values near to a multiple of 2π rad. Then, the signal coming from the feedback line is constructively added at the input. These spurs, which appear out of the frequencies at which the hybrids are designed, are mitigated by the own transfer function of the hybrids, but are difficult to eliminate since the hybrid does not present a rejection band. For that reason this topology is discarded as a suitable one to achieve dual-band active filters.
Active filter with shunted stubs CRLH branch coupler
Another prototype has been designed and built with its pass bands centered at f 1 =0.8 GHz and f 2 =1.7 GHz. The shunted stubs branch line couplers present a more compact layout with very high rejection level between the pass bands. With regard to the active stage a singlestage distributed amplifier has been used to achieve a flat gain response over both bandpass frequencies. A resistive network has also been included to avoid instability problems. All these elements can be seen in Fig. 12 . Fig. 12 . Photo of the prototype with shunted stubs branch line coupler The feedback CRLH transmission line has been designed to fulfill two conditions: first, its phase response must satisfy (14) and, second, the equivalent characteristic impedance must be 50 Ω. Once again, although the feedback line has been designed as electrically short as possible, the complete phase loop including all the components delays is electrically long, and spurious bands appear unavoidably. Thus, two spike-shaped spurious pass bands appear at the inner stop band, corresponding to the non-desired solutions. Although nondesired solutions appear, they are cancelled out due to the high signal rejection introduced by the couplers in both the main path and the feedback loop. As stated before, this rejection is produced by the zero of the transmission and coupling coefficients associated with the branch-line port stubs. The amplitude response of the shunted branch line coupler can be seen in Fig. 13 where a strong rejection band appears between the two desired bands. Due to this rejection band the two spikes closer to the pass bands are highly attenuated and have a reduced effect, with a transmission level of -8 dB at 1025 MHz and -6 dB at 1470 MHz. This can be seen in the overall response of the active filter that is shown in Fig. 14. The upper part shows the phase response where the desired and spurious frequencies have been marked. It can be seen that two desired bands at 800 MHz and at 1700 MHz appear. However, three other spurious bands appear at 1025 MHz, 1175 MHz and 1470 MHz. The overall filter amplitude response is seen in the bottom part of Fig. 14. Due to the rejection of the branch line coupler the spurious band at 1175 MHz is completely rejected at levels lower than -30 dB. The other two spurious bands at 1025 MHz and 1470 MHz are also rejected presenting transmission levels lower than -6 dB. For that reason this topology for dual band active filters can be considered as suitable and will not be discarded as the previous one. 
Conclusion
This chapter is devoted to obtaining filtering and diplexing structures with losses as low as possible. First dual composite right/left handed cells have been proposed to reduce the losses; secondly active structures have been proposed to achieve dual band active filters. The first part of the chapter is devoted to D-CRLH transmission lines as a good solution for the design of circuits that are alternatively used for rejecting or allowing different frequency bands. Then, a D-CRLH diplexer-circuit based on D-CRLH transmission lines has been proposed. A general design procedure for implementing arbitrary-frequency compact diplexers has been proposed. As the D-CRLH transmission lines de not present a frequency periodic performance, the proposed diplexer can be designed for every given frequency ratio f 2 /f 1 . The second part of the chapter is devoted to the design of dual band active filters. A theoretical study describing the principles of this type of filters is developed through the text. Since the proposed scheme uses feedback sections, stability matters have to be taken into account. In this way, it may be necessary to limit the amplifier gain by adding attenuators in the active stage. Another important issue is the appearance of undesired spurious peaks at frequencies in the inner band. In order to mitigate their effect, branch-line couplers with shunted stubs are used to provide dual band operation and strong rejection between the pass-bands.
